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Endocytosis is a universal cellular activity to uptake various materials including nutrition, pathogens and cell surface receptors into cells. Until a decade ago, endocytosis of cell surface receptors and the following lysosomal degradation process were thought to be important regulatory mechanisms for down-modulation and termination of signalling by cell surface receptors. Today, endosomes/lysosomes also sometimes play important roles as signalling platforms (13) . In these cases, after a surface receptor binds to its ligand, the receptorligand complex is internalized and continuously promotes downstream signalling events via signalling complexes that are spatially restricted to particular compartments in the cell. Such 'signalling endosomes' can efficiently regulate the localization of signalling complexes via transportation and enable particular signalling activities to be sustained for long periods. Once activated, many receptors, such as epidermal growth factor receptor (EGFR), nerve growth factor receptor (NGFR) (TrkA), and G proteincoupled receptor (GPCR), use this system (2, 46) . In parallel, a growing body of evidence has demonstrated that lysosomes, too, can function as important signalling platforms and are not only compartments used for degradation. Cellular nutritional conditions as well as the metabolic state are sensed at lysosomal compartments, and signals are transmitted at the lysosomal compartments to induce various gene transcriptions (79). Thus, the endosome/lysosome system plays key roles in various cellular functions.
Immune cells also exploit the signal transduction capacity of the endosome/lysosome system for eliciting immune responses (10, 11) . In particular, some immune cells, such as dendritic cells (DCs), macrophages, and B cells, take up various antigens, recognize danger-associated molecular patterns at the endosomes/ lysosomes, and transmit signals from these compartments to produce immune responses (12, 13). Because these compartments can restrict signals spatially and temporally to elicit qualitatively different outcomes, understanding the molecular bases of endosome/lysosome-dependent signalling events could be helpful for developing strategies to control immune cell functions. Recent studies have revealed that efficient signalling at these compartments is achieved by controlling the endosomal/lysosomal environment. In this review, we highlight the endosome/lysosome-dependent signalling events and the unique regulation of the endosomal/ lysosomal environment in immune cells.
Endosomes/Lysosomes Spatiotemporally Sort TLR4 signalling Components to Induce Immune Responses
Toll-like receptors (TLRs) are well-characterized innate immune sensors that play a key role in host defense (14) . They recognize conserved microbial components at the cell surface, or in intracellular compartments such as endosomes/lysosomes, and induce immune responses (14, 15) . At the early stage of inflammation, antigen-presenting cells (APCs), such as DCs and macrophages, that encounter microbes or their components are activated through TLRs to produce inflammatory and/or immunomodulatory cytokines, including tumor necrosis factor a (TNFa), interleukin-6 (IL-6) and type I interferon. At the same time, the TLR-mediated activation of these cells leads to a transcription of a panel of genes that are pivotal for the induction of acquired immune responses following antigen presentation. Importantly, depending on the type of TLRs triggered, APCs produce different cytokines and induce specific types of effector T cells that are suitable to eliminate the infecting microbes; that is, which TLRs are triggered determines the type of immune response elicited (16, 17) .
TLR4 recognizes lipopolysaccharide (LPS) on gramnegative bacteria at the cell surface and activates two qualitatively distinct signalling pathways, MyD88-dependent and MyD88-independent, at the cell surface and endosomes, respectively (Fig. 1A) (18, 19) . After LPS binds to TLR4 at the cell surface, the MyD88-dependent pathway is activated through the adaptor proteins TIRAP (toll/interleukin-1 receptor domaincontaining adapter protein) and MyD88, which in turn activate the transcription factor NF-kB (nuclear factor-kappa B) and mitogen-activated protein kinase (MAPK), culminating in the production of pro-inflammatory cytokines such as IL-6 and TNFa. Subsequently, TLR4 is internalized, the adaptor proteins TRAM (translocation associated membrane protein) and TIR-domain-containing adapter-inducing interferon-b (TRIF) replace TIRAP and MyD88, and the MyD88-independent pathway is consequently initiated at the endosomes. Its activation results in the generation of interferon-b (IFN-b) and IL-10. The transition from the TIRAP-MyD88 pathway to the TRAM-TRIF pathway downstream of TLR4 is mediated by PI3 kinase-dependent phosphatidylinositol turnover. TIRAP binds PtdIns(4,5)P2 through its amino-terminal polybasic domain and is localized to PtdIns(4,5)P2-rich plasma membrane regions. Conversion of PtdIns(4,5)P 2 to PtdIns(3,4,5)P 3 by PI3 kinase p110d causes the release of TIRAP into the cytoplasm, and then TRAM is recruited to TLR4. These sequential events at the distinct compartments are pivotal for the efficient initiation and termination of inflammatory responses, by shifting the cytokines released from pro-inflammatory to the antiinflammatory ones. Indeed, PI3Kd-mutant mice were more susceptible to endotoxic shock than wild-type controls because of sustained production of TNF, IL-6 and IL-12 but restrained production of IL-10 and IFN-b (20) . Thus, the compartmentalization of signalling complexes at endosomes confers spatiotemporal properties on TLR4-mediated signalling and is an important mechanism for mounting an effective and harmless immune response.
Endosome/Lysosome-Dependent Recognition of Nucleic Acids by TLRs and Its Importance in Immune Defense Some TLRs, including TLR3, 7 and 9, localize to endosomes, where they recognize nucleic acids and transmit signals to induce various cytokines (21, 22) . The manner by which nucleic acids are recognized by these endosomal TLRs appears to enable selective recognition of ingested microbe-derived nucleic acids while avoiding undesirable responses to self-tissuederived nucleotides in the serum. TLR9 recognizes unmethylated CpG oligo DNA (CpG-ODN) at the endosomes and induces pro-inflammatory cytokines and type I IFN production, which is essential for antiviral immune responses (Fig. 1B) (23) . In this process, endoplasmic reticulum (ER)-resident TLR9 is transported to endosomes, where it binds CpG-ODN, and then passes to specialized lysosome-related compartments (24) . This TLR9 trafficking is crucial for generating functionally active TLR9, given that the limited proteolysis of TLR9 by lysosomal proteases such as cathepsins is necessary for CpG-ODN recognition (25, 26) . These lysosomal proteases are most active under acidic conditions, and therefore the acidification of endosome/lysosome compartments during their maturation is important for triggering inflammatory responses. Intriguingly, the trafficking of TLR9/ CpG-ODN from endosomes to lysosomes is affected by the CpG-ODN structure, with different structures leading to different cellular responses (27) . The precise molecular mechanism by which such traffickingcoupled signalling events are spatially and temporally regulated at the endosomal/lysosomal compartments is not fully understood.
Endosomes/Lysosomes as Sites for BCR-TLR Collaboration and Autoimmune-Response Induction
B cell receptors (BCRs) are composed of a membraneassociated form of immunoglobulin (Ig) that is noncovalently associated with a disulphide-linked heterodimer composed of two integral membrane proteins, CD79a and CD79b (28) . After ligating with its antigen, the BCR initiates signalling at the plasma membrane, which involves the phosphorylation of BCR components by Src family kinases and the recruitment of a proximal kinase, Syk. The BCR is then internalized and induces the sequential phosphorylation of MAPKs and the kinase Akt ( Fig. 1C) (29) . The inhibition of BCR endocytosis dysregulates these phosphorylation events, leading to gene-transcription defects. Thus, proper trafficking of the BCR into endosomes is required for BCR signalling and appropriate immune responses.
Furthermore, endosomal signalling via BCRs is a pivotal event for induction of autoimmune response. Autoantigens include self-DNA, histones, RNA or ribonucleoproteins, which are thought to be released from apoptotic cells. The endosomal localization of the BCRs allows them to engage synergistically with TLR9 in the presence of DNA-containing antigens; this process has been implicated in inducing the activation of autoimmune B cells (30) . In fact, the simultaneous engagement of BCRs with TLR9 and their endosomal activation contributes to the production of DNAspecific autoantibodies in mouse models of lupus (30, 31) . Thus, signalling endosomes also serve as a meeting place for multiple signalling pathways mediated by different immune sensors.
Importance of Controlling the Endosome/Lysosome Environment in Inflammatory Cells
Endosomes are gradually acidified by V-ATPase as they mature (32) . As described earlier, the acidic environment of endosomes is important for the cathepsinmediated limited proteolysis of TLR9, which converts this receptor into its ligand-accessible form. In addition, the binding affinity of CpG-ODN to TLR9 itself is affected by the pH (33) . At neutral pH, TLR9's binding to CpG-DNA is weak, but lowering the pH leads to a strong TLR9-CpG-DNA interaction. Treatment with compounds that interfere with luminal acidification of endosomes/lysosomes, such as bafilomycin A1 (a specific inhibitor of the vacuolar proton pump V-ATPase) or chloroquine (a weak base that can partition into vesicles and increase the pH) impairs the CpG-DNA-driven signalling via TLR9 (3436). Thus, the optimization of luminal pH is an important regulatory mechanism for efficient signalling through TLR9. From this viewpoint, factors that control the 'luminal' pH in immune cells could be useful as targets for anti-inflammatory drugs to treat autoimmune diseases. In fact, chloroquine and its derivatives have already been used to effectively treat autoimmune diseases such as rheumatoid arthritis and systemic lupus At the plasma membrane, LPS-bound TLR4 binds to the sorting adaptor TIRAP, which is anchored with the plasma membrane lipid PI (4,5) P2. TIRAP then recruits the signalling adaptor MyD88, and MyD88-dependent signalling induces the production of proinflammatory cytokines including TNFa, IL-6 and IL-12. LPS induces recruitment of the PI3 kinase p110d to the TLR4-TIRAP-MyD88 complex, and p110d then decreases the amount of PI(4,5)P2, which probably causes TIRAP to be released from the membrane and promotes the switch to endosomal TRAM signalling. The released TIRAP and MyD88 are degraded through a proteasome-dependent process. This subcellular shuttling of TLR4 results in a cytokine shift from proinflammatory to anti-inflammatory. (B) Recognition of nucleic acids by TLR7 or TLR9 in endosomes. Some TLRs that sense nucleotides are localized to endosomes and transduce signals to elicit inflammatory responses. TLR7 and TLR9 recognize single-strand RNA and unmethylated CpG-ODN, respectively, when they enter endolysosomes. These TLRs are localized to the ER in the steady state and then relocate to endosomes in an AP3-and Unc93B-dependent manner. In endolysosomes, these TLRs are cleaved by cathepsins, which confers ligand-binding ability on them. The environmental control of the endolysosomes and the proper trafficking and subcellular localization of the TLRs are required to induce inflammatory responses. (C) Essential role of endocytosis in regulating the outcome of BCR signalling. The endocytosis and subcellular localization of the BCR following its activation are necessary for BCR-mediated kinase activation and the downstream gene transcription. BCRs are internalized after cross-linking with antigens, and they traffic from early endosomes to late endosomes (LAMP-1þ compartments). Lyn and Syk are phosphorylated at the cell surface. The phosphorylation of MAP kinases occurs at the endosomes, and the phosphorylation of Akt and its downstream targets, resulting from internalized BCRs, occurs at the late endosomes. Importantly, inhibiting BCR's endocytosis alters the amount of kinase phosphorylation in the BCR signalling pathway and its outcome.
Endosomal/lysosomal signalling and inflammation erythematosus (SLE) (37, 38) . The mechanism underlying chloroquine's action in autoimmune diseases is not fully understood, but findings in a murine model of SLE suggest that it blocks the TLR9-dependent, chromatin-antibody complex-induced stimulation of self-reactive B cells (39, 40) .
Endosomes finally fuse to lysosomes, which contain numerous hydrolases for the degradation of proteins, lipids, and other biomolecules. In lysosomes, these molecules are completely degraded into their building blocks, which are recycled for biosynthesis of macromolecules. An impairment in the lysosomes' degradative function leads to the accumulation of undegraded molecules, which causes various types of lysosomal storage diseases (41, 42) . DCs, the most potent APCs, however, limit the lysosomes' proteolytic activity for antigen presentation to T cells. DCs ingest protein-containing macromolecules and process them into short peptides, which they present as an antigen together with major histocompatibility complex (MHC) molecules, a critical event for the induction of the adaptive immune response (43) . To generate peptides with a certain length and to maximize half-life of the peptides within lysosomes, DCs possess a unique mechanism for phagosome maturation. DCs maintain the phagosomal pH between 7 and 7.5 in the first few hours after phagocytosis (44) . DCs recruit a component of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase NOX2 to the phagosomes in Rab27a-dependent fashion (45) , where oxygen radicals generated by the NADPH oxidase cause proton consumption and neutralize the acidic environment, counteracting the actions of the proton pump V-ATPase (44, 46) . Because of this phagosomal alkalization machinery, the phagolysosomal pH still remained above pH 7 after fusing to the lysosomes. This makes it possible for peptides to be processed to the appropriate size for loading onto MHC molecules by preventing the complete degradation of peptides (44) . This mechanism is particularly important for antigen processing for MHC class I, called antigen cross-presentation, in which exogenously ingested antigens are presented together with MHC class I to activate CD8 þ cytotoxic T cells (47) .
The alkalized phagolysosomes should be finally acidified to hydrolyze contents. Recent study further improved our understanding on how the neutralized phagolysosomes are safely acidified to fulfil the obligation of lysosomes as degradative compartments (48) . On the surface of phagosomes containing grampositive bacteria, caspase-1 activated via NACHT, LRR and PYD domains-containing protein 3 (NALP3) inflammasome accumulates and induces phagosomal acidification by negatively regulating NADPH oxidase NOX2 activity. An important observation is that phagosomes containing gram-negative bacteria did not recruit caspase-1 and appeared to be acidified via different machinery. This implies that the phagosomal environment is differentially controlled by bacterial species. Thus environmental regulation within phagosomes/phagolysosomes is mediated by multiple complex processes depending on different cargos.
A New Player in Endosomal/Lysosomal Environmental Control
Immune cells possess a multilayered system for controlling the endosomal/lysosomal environment, involving not only the proton concentration but also the concentrations of other ions and substances (Fig. 2) . We and another group recently discovered that the lysosome-resident amino acid transporter, solute carrier family 15A4 (SLC15A4), is critical for signal transduction by TLR7 and TLR9 (Fig. 3) (49, 50) . Cellular transporters are currently categorized into two large groups: the SLC family, which functions independently of ATP, and the ATP-binding cassette family, which is ATP-dependent. SLC15A4 is a member of the SLC family, which includes roughly 300 genes to date, and is further divided into many subfamilies (51) . SLC15A4 belongs to the SLC15 subfamily, which has five members, A1 to A5, and is well conserved across species (52, 53) . These are so-called protoncoupled oligopeptide transporters (POTs) and carry amino acids and oligopeptides together with a proton as a common feature, but their functions and expression patterns differ. A1 and A2 are mainly expressed in the small intestine, liver and kidney, whereas A3 and A4 have low sequence similarity with A1 and A2 and are expressed in immune cells and the nervous system (the localization of A5 is currently unknown). Moreover, both A1 and A2 have low substrate specificity and the ability to carry 600 different di-peptides and 8,000 tri-peptides, whereas A3 and A4 transport only histidine and several histidine-containing di-or tri-peptides (Fig. 3A) (51) . Because of their expression pattern and substrate specificity, A1 and A2 are thought to function in the absorption or reabsorption of digested nutrients. By contrast, A3 and A4 appear to have a role in immune regulation; however, the functional importance of these transporters was not investigated until recently.
The transporter activity of A4 is pH dependent, with higher transport of histidine/oligopeptides and protons at pH 5.5 than pH 7.0 (Fig. 3B) (53) . Therefore, the transporter activity of SLC15A4 is maximized in the acidic environment of lysosomes. Several studies have demonstrated an association between SLC15A4 function and certain inflammatory disorders, including diabetes and inflammatory bowel disease (IBD) (54, 55) . Importantly, a recent genome-wide association study identified SLC15A4 as an SLE-susceptibility gene (56) , suggesting a link between the function of SLC15A4 and autoimmune disease in humans. An attractive hypothesis emerging from these observations is that SLC15A4 contributes to the regulation of inflammatory responses by regulating lysosomal functions or environments.
We tested this hypothesis using SLC15A4 knockout mice and found that SLC15A4-deficient DCs showed an impaired TLR9-mediated production of cytokines such as IFN-b, IL-12 and IL-15 (50) . Consistent with this finding, SLC15A4-knockout mice exhibited a less severe form of colitis than wild-type mice. Beutler and his colleagues also demonstrated using N-ethyl-Nnitrosourea (ENU)-induced SLC15A4 mutant mice that SLC15A4 plays a crucial role in regulation of the functions of TLR7 as well as TLR9, which is necessary for recognizing single-stranded RNA (Fig. 3C) . SLC15A4-mutant mice is highly susceptible to influenza virus infection (49) . SLC15A4 is also required to protect mice from infection by mouse lymphocytic choriomeningitis virus, in which the DCs prime T cells in an SLC15A4-dependent manner to clear the virus (57) .
How does SLC15A4 contribute to TLR7-or TLR9-mediated signalling? Considering that SLC15A4's function is to export histidines/oligopeptides together with protons from these compartments to the cytosol, one possibility is that the loss of this transporter substantially affects the proton concentration of the endolysosome. Another possibility is that the loss of this transporter causes an abnormal histidine concentration in endolysosomes, eventually disrupting the histidine homeostasis. Histidine has an ionizable imidazole ring in its side chain and the ability, unique among amino acids, to function as an acidbase catalyst. The pK a value for the imidazole ring is 7.0. In fact, histidine's buffering capacity is so high that it is used as a buffer in histidine-tryptophan-ketoglutarate solution, which is used for organ preservation. Therefore, in the course of endolysosomal acidification, too much histidines within endolysosomes may affect endolysosomal pH. This idea is supported by the observation that histidine administration in mice leads to the amelioration of inflammatory responses (50) . We also showed that free histidine, but not alanine, in a certain concentration range can inhibit the enzymatic activities of cathepsins B and L, both of which are important for TLR9's processing and activation in lysosomes (25, 26) . Because the addition of exogenous histidine did not exacerbate the impaired TLR9-mediated cytokine production of DCs lacking SLC15A4, the endolysosomal histidine homeostasis of these cells may already have been disrupted.
The precise mechanism for the suppression of inflammatory responses in the absence of this transporter needs to be clarified. Besides DCs, we revealed that B cells also express SLC15A4 and B cell's SLC15A4 is crucial for autoimmune symptom (manuscript under revision). Nevertheless, the finding that disruption of a lysosome-resident transporter greatly affects lysosome-dependent immunological events revealed the importance of controlling the environment of endolysosome compartments for adequate immune response induction.
Another important finding obtained from SLC15A4-knockout mice is that SLC15A4 is responsible for transporting a certain type of microbial component from inside the lysosomes to the cytosol for initiating cytokine production and inflammatory responses (50) . The bacterial cell wall peptidoglycan (PGN) contains unique The 'luminal' environments of endosomes/lysosomes are strictly regulated by various transporters and redox-related molecules, such as V-ATPase, NOX2 and SLC15A4, to optimize endosome/lysosome-dependent signalling events. In addition to these players, phosphatidylinositol turnover is important for generating spatial and temporal properties of signalling molecules. The lysosomal system in immune cells is also finely tuned to efficiently generate antigen peptides. Phagosomal alkalization through NOX2-mediated reactive oxygen production limits the vesicles' proteolytic capacity, thereby preserving peptides from complete degradation and making it possible to load peptides of the appropriate size onto MHC molecules.
Endosomal/lysosomal signalling and inflammation structure such as g-D-glutamyl-meso-diaminopimelic acid (iE-DAP) or muramyl dipeptide (MDP). These components are recognized by cytoplasmic pathogen sensors to initiate the activation of NF-kB and MAP kinases and the induction of innate immune responses. Nucleotide-binding oligomerization domain (NOD) 1 and NOD2 are well characterized cytoplasmic sensors and recognize iE-DAP and MDP, respectively (58) . The importance of these molecules is underscored by their genetic association with IBD (59). Although both NOD1 and NOD2 detect PGN components in the cytosol, how such microbially derived components reach the host cytosol is still unclear. SLC15A4-knockout mice exhibit a severe defect in NOD1-dependent IL-1b production in vivo, which is caused by the unresponsiveness of SLC15A4-deficient DCs and macrophages to tri-DAP (Fig. 3C) (50) . Thus, this lysosomal transporter also functions as a receiving clerk for pathogenic components. Because the lysosomes are the site at which phagocytosed pathogens are digested, the transport of the digestion products by a pH-dependent lysosomal transporter seems to be a reasonable and safe way for the cell to monitor pathogen invasion.
Conclusion and Perspectives
In summary, the endosome/lysosome compartments play pivotal roles in immune cell functions as signalling platforms. Their environments are strictly regulated as the occasion demands by various transporters and redox-related molecules such as V-ATPase, NOX2 and SLC15A4 to optimize endosome/lysosomedependent signalling events. The endosome/lysosome system is an attractive target for controlling immune diseases, although our understanding of it is still quite primitive. Although not discussed here in detail, certain immune cells, such as natural killer cells and cytotoxic T cells, develop specialized lysosome-related organelles, called secretory lysosomes, which contain cytotoxic components including granzymes and perforin and are essential for the cells' cytotoxic function. Thus, the environmental control of secretory lysosomes is another interesting and important issue.
Because lysosome functions are closely related to immune cell functions, further investigations of the endolysosome system should reveal novel regulatory Fig. 3 Roles of the lysosomal histidine/oligopeptide transporter, SLC15A4, in innate immunity. (A, B) SLC15A4 contains 12 transmembrane domains, with both the N-and C-termini facing the cytosol, and transports histidines/oligopeptides uphill using proton-motive force. The transporter activity of SLC15A4 is pH dependent. In mature lysosomes, histidines/oligopeptides derived from lysosomal degradation products are actively transported out by SLC15A4. (C) The ligand binding and signalling of TLR9 are strictly regulated by the lysosomal state and functions. Histidine in lysosomes might be maintained within a defined concentration, which contributes to the maximal functional efficiency of lysosomal components, including TLR9. SLC15A4 deficiency causes homeostasis failure of the lysosomal environment and disrupts TLR9 function. Furthermore, SLC15A4 is responsible for transporting the peptide glycan-like NOD1 ligand, tri-DAP, from lysosomes to the cytosol, and induces IL-1b production to eliminate bacterial invaders. Thus, this lysosomal transporter also functions as a receiving clerk for pathogenic components.
mechanisms for the immune system. We still have more to learn about which molecules control the signalling-competent endolysosomal environment, and how and when such molecules are recruited to and regulate compartments. To better understand the molecular bases of these processes, a comprehensive understanding of dynamic organization of proteins and lipid species at the endosomes/lysosomes is necessary. 
